The objective of this study was to charac terize local cerebral blood flow (CBF) in the recirculation period following incomplete forebrain ischemia. Specifi cally, we wished to determine whether perfusion defects developed in the immediate recirculation period, to study how initial hyperemia and delayed hypoperfusion at the local level were related to the severity of the preceding ischemia, and to find out whether reflow was influenced by the nutritional state of the animals. To that end, fore brain ischemia of 15 min duration was induced in fed and fasted ventilated rats under 70% N20. Local CBF was measured with an autoradiographic technique at the end of ischemia, as well as at 5 and 60 min following the start of recirculation. Control experiments were performed to examine the influence of ischemia on cerebral metabolic state in fed and fasted animals. The ischemia reduced CBF to excessively low values «5% of control) in many
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In the accompanying article (Kl:1gstrom et aI., 1983) we reviewed previous results demonstrating that transient ischemia is usually followed by an initial hyperemia, later to be succeeded by a sec ondary decrease in cerebral blood flow (CBF) ("delayed hypoperfusion" ). In that article we re ported on experiments designed to characterize local cerebral blood flow (lCBF) in the recovery period following complete brain ischemia of 5 -30 min duration, as induced in lightly anaesthetized, artificially ventilated rats. The results obtained with 15 min of ischemia confirmed that a delayed hypoperfusion occurs. However, the autoradio graphic techniques used made it possible to reveal the appearance of a true "no-reflow" phenomenon, i.e., an initial hindrance to recirculation in centrally located brain structures. Thus, circulatory events following complete ischemia do not conform to the 183 forebrain structures, including the cerebral cortices, caudoputamen, and hippocampus. In spite of this, perfu sion defects failed to appear after 5 min of recirculation. Instead, moderate to marked hyperemia was present in all previously ischemic structures. After 60 min of recircula tion, pronounced hypoperfusion developed. The mag nitude of the initial hyperemia was poorly related to the severity of the preceding ischemia, but the latter partly determined the degree of delayed hypoperfusion. Thus, little or no hypoperfusion developed in structures whose flow rates exceeded 30-40% of control during ischemia. Fasted animals had a better preserved flow to many structures than did fed animals, indicating that the detri mental effect of feeding (or glucose infusion) is also re flected in lower perfusion rates. Key Words: Acidosis Cerebral blood flow-Delayed hypoperfusion-Incom plete forebrain ischemia-Rat-Reflow patterns. simple sequence, ischemia-initial hyperemia delayed hypoperfusion.
The objective of the present study was to provide information on recirculation following incomplete ischemia in rats maintained under similar anaesthe tic conditions. The model of forebrain ischemia used (Nordstrom and Siesjo, 1978) maintains some circulation to a variety of brainstem structures but gives only a trickle of flow to cerebral cortical structures, hippocampus, and caudoputamen (see also data reported by Pulsinelli et aI., 1982a) . Nonetheless, cortical blood flow rates seem suffi cient to allow some continued substrate supply; hence, the outcome of the ischemia differs between fed and starved animals (see Discussion). Thus, we sought to answer the following questions: (1) Is the no-reflow phenomenon characteristic of complete global ischemia, or does it also occur under the conditions of incomplete forebrain ischemia of the type employed here? (2) How is the appearance and/or the magnitude of initial hyperemia and de layed hypoperfusion, respectively, related at the local level to the severity of the preceding ischemia?
(3) Is the delayed hypoperfusion similar in fed and in starved animals, or is the beneficial effect of food withdrawal associated with higher blood flow rates?
In attempting to answer the first of these ques tions, we studied reflow patterns after 5 min of re covery, following 15 min of ischemia. The second question was approached by relating the "initial" (5 min) and "delayed" (60 min) recovery CBF values in 24 different structures to the values measured during ischemia. The third question was studied by measuring CBF after 60 min of recirculation, fol lowing 15 min of ischemia, in fed and in starved animals.
METHODS
Operative, sampling, and analytical techniques
All experiments were performed on male Wistar rats (350-400 g) of an S.P.F. strain (M�llegaard Av Islaboratorium, Copenhagen). Fed animals had free ac cess to tap water and rat pellets until operation. Food was withdrawn from fasted animals during the night before the experiment, but the animals had free access to water. Anaesthetic, operative, sampling, and recording tech niques, including those used for measuring lCBF, were as described in the accompanying article (K<'igstrom et aI., 1983) . In the following, we will describe only those pro cedures that were specific to this study.
In animals selected for studies of cerebral cortical me tabolites, the brains were frozen in situ with the technique described by Ponten et a1. (1973) . A fronto-parietal part of cerebral cortex was then taken bilaterally, and weighed and extracted at -22°C. All metabolites were analyzed with specific enzymatic, flu oro metric techniques (for analyt ical conditions, see Folbergrova et aI., 1972) . Metabolites were expressed in /Lmol g-I of wet tissue. The energy state of the tissue was expressed as the energy charge of the adenine nucleotide pool according to Atkinson (1968 
Induction of ischemia
Incomplete ischemia was induced by bilateral occlusion of the common carotid arteries with rubber-coated clamps (Nordstrom and Siesjo, 1978) . Simultaneously, the mean arterial blood pressure was decreased to 50 mm Hg. This was accomplished by the use of a servo-system with an automatically controlled syringe that extracted blood from one femoral artery and, when necessary, reinfused the previously extracted blood into a femoral vein. We restored the circulation to the brain by removing the clamps on the carotid arteries, and normalized the blood pressure by reinfusion of blood (Fig. 1) .
The results following incomplete forebrain ischemia were compared to those obtained in animals subjected to complete global four-vessel-occlusion ischemia. The lat ter animals were those described in the accompanying article (K<'igstrom et aI., 1983) , which gives details of ex perimental techniques.
Measurement of ICBF
Details of the procedure for measuring lCBF with a [14C]iodoantipyrine autoradiographic technique have been given in the accompanying article (K<'igstrom et aI., 1983) . With the technique used, it was not possible to determine ICBF accurately at all flow rates. In the period of hyperemia, the I4C activity of some structures became so high that one reached the steep slope of the (logarithmic) curve, which is obtained by plotting the I4C activity in the brain tissue against the corresponding cal culated CBF values. We considered values to be inaccu rate when a 2% error in the determination of 14C activity corresponded to a 10% variation in lCBF, as evaluated in each individual animal. If activities were higher, ICBF was assigned a value determined at that "break point." This means that ICBF values were underestimated in some structures, as indicated below (see Results).
At the end of 15 min of incomplete ischemia, very low CBF values were encountered in the majority of struc tures examined. The sampling procedure was, therefore, slightly modified, and 20 /LCi of [14C]iodoantipyrine was infused at a constant rate for 60 s. 
Experimental groups
Tissue perfusion at the end of 15 min of ischemia was evaluated in a group of six fed animals. Local CBF during recovery following incomplete ischemia was evaluated in three groups, each comprising six animals. Recirculation times were 5 min in one group of fed animals, and 60 min in two groups, one with fed and one with fasted animals.
Control values for ICBF were obtained from artificially ventilated animals for periods corresponding to the dura tion of the experiments. Anaesthesia, as well as operative and sampling techniques, were the same as in the experi mental groups. The control groups included seven fed and five fasted animals.
The objective of the measurements of labile cerebral cortical metabolites was to assess the degree of metabolic derangement associated with the reduction in CBF, and to compare changes in fed and starved animals (see Dis cussion). Since we also wished to study recovery events, an initial series comprised four groups of fed rats that were exposed to 15 min of incomplete ischemia, with re circulation times of 0, 5, 15, and 30 min, respectively. However, due to an error in tissue extraction, the results varied excessively. Therefore, only the blood changes from these groups are reported here. In order to allow a comparison of changes in tissue metabolites in fed and fasted animals, two additional groups were prepared in which tissue freezing occurred after 15 min of ischemia.
Control values for concentrations of phosphocreatine (PCr) and adenine nucleotides, as well as glucose, lactate, and pyruvate in cerebral cortex, were obtained from two control animals treated in a way similar to that of the ICBF control animals. Since the values agreed well with the results obtained in four control animals in a concur rent study (Mabe et al., 1983) , the values were pooled with these to give a group of six animals.
RESULTS
The present model of forebrain ischemia has been used in previous studies from this laboratory (Nordstrom and Siesjo, 1978; Rehncrona et aI., 1981) . Furthermore, the model designed by Pul sinelli seems to give similar CBF values in many brain structures (Pulsinelli et aI., 1982a) . In spite of this, we deemed it desirable to characterize further the model in terms of changes in physiological and biochemical variables, especially since we are pres ently adopting it for studies of long-term survival. To that end, separate series were designed to pro vide data on blood acid-base changes, and on bio chemical events in cerebral cortical tissue (see Methods).
Physiological and chemical variables
Following clamping of the common carotid ar teries and lowering of the mean arterial blood pres sure to 50 mm Hg, electroencephalographic EEG activity ceased within 15-25 s. In none of the ani mals in the present series did any EEG activity re turn during the 15-min period of ischemia. Figure 1 shows the time course of changes in arte rial blood pressure. Values close to those obtained in the 5-min recovery ICBF group were obtained within the first 2 min, following removal of the ca rotid clamps and the reinfusion of blood. During the first 5 min, peak mean arterial blood pressures var ied among the animals between 120 and 150 mm Hg.
In the separate series devoted to measurements of blood variables, glucose concentrations were measured at four times in fed and fasted animals. Figure 2 shows marked differences between the two series. Thus, although preischemic blood glucose concentrations differed by only 3 J-tmol g-l, fed animals showed a pronounced rise in glucose values during ischemia, while those of fasted animals fell.
In spite of the differences between the groups in blood glucose concentrations, there were no clear differences in plasma acid-base changes or in lactate and pyruvate concentrations. Figure 3 , therefore, lists only the values obtained in fed animals. Al though there was an appreciable increase in blood lactate (and pyruvate) concentrations during isch emia, plasma pH did not fall significantly. In all probability, this was due to a reduction in Pco2 (which occurred at constant ventilation). Five min utes after recirculation, Pco2 increased, with per sistent lactic acidosis. As a result, plasma pH fell appreciably. However, from 15 min on, pH could be maintained close to control values by i. v. bicarbon ate infusion. As Fig. 3 shows, lactate and pyruvate concentrations remained moderately increased throughout the recirculation period. Table 1 shows the values for cerebral cortical metabolites, as measured at the end of 15 min of ischemia. In both fed and fasted animals subjected to incomplete ischemia, the deterioration of the ce rebral energy state was similar to that obtained in complete four-vessel-occlusion ischemia (Kl1gstrom et aI., 1983) . Thus, PCr and ATP concentrations were close to zero, and massive accumulation of I  I  I  I  I  I  I  I  I  I  I  I  I  I ADP and AMP occurred. In both groups, glycogen was depleted, and pyruvate concentrations were reduced. However, the groups differed with respect to glucose and lactate concentrations. Thus, fed animals maintained significantly higher glucose concentrations and accumulated more lactate. Two findings should be emphasized. First, the amount of lactate accumulated in fasted animals subjected to incomplete ischemia was similar to that observed during complete ischemia in fed animals. Second, two fed animals had lactate concentrations <20 JLmol g-l (13.9 and 15.8 JLmol g-l, respectively), in spite of markedly low ATP concentrations (0.10 and 0.05 JLmol g-l, respectively). Such values probably reflect virtually complete cessation of blood flow (see Discussion).
CBF during and fo llowing incomplete ischemia
Physiological parameters in the ICBF series were similar to those given in Fig. 3 . All groups had mean body temperatures within the range of 36.9-37.3°C, and Pao2 values in the range of 100-123 mm Hg. After 15 min of ischemia, Paco2 was 29.3 ± 3.1 mm Hg and, after 5 min of recirculation, it had risen to 49.3 ± 2.3 mm Hg. In the 60-min recovery groups, Paco2 values were similar (35.9 ± 0.9 in fed, and 36.6 ± 2.1 mm Hg in fasted animals). In the groups in which ICBF was measured during recirculation, all animals but one (a fed animal with a 60-min re covery and a blood pressure of 90 mm Hg) had mean arterial blood pressures of 120 mm Hg or higher prior to ICBF measurement (mean values: 123 ± 7 in fed, and 120 ± 0 mm Hg in fasted ani mals). Table 2 gives the ICBF values for 24 different brain structures in the six groups studied. In none of the structures analyzed did the CBF values for fed and fasted control groups differ (the range of values in fasted animals, in percent of fed control values, was between 90 and 118). Values obtained during and following ischemia will be commented upon under separate headings. Concentrations are expressed in /Lmol g-I blood and tissue, respectively. Values are means ± SEM . The values for four-vessel occlusion ischemia were obtained in animals reported in the accompanying article (K iigstrom et a!., 1983).
a Only two animals were analyzed for concentrations of glycogen in cerebral cortex, but this is a normal value in this strain (e.g ., Rehncrona et a!., 1981; Folbergrova et a!., 1982).
PCr, phosphocreatine; EC , energy charge. Local CBF is expressed in ml g-l min-I . Values are means ± SEM. In animals examined at the end of IS min of ischemia, there was pronounced intrastructural heterogeneity . Only mean values are given . R, recirculation .
Local CBF during ischemia. Predictably, CBF during ischemia of the present type varied consid erably between different structures. The values for mean flow rates given in Table 2 give no information on inter-animal variations, or on variations in CBF within structures. Such variations are illustrated in Fig. 4 , which lists the structures in a way that facilitates inspection of interstructural differences in CBF. This order of sequence (low to high CBF) is also used in the following figures. The diagram makes it possible to identify a group of structures in which all readings showed CBF values consistently <5% of control (frontal, parietal, sensorimotor, piriform, auditory, and visual cortex), and another one in which the CBF in at least five of six ani mals was < 15% of control (nucleus accumbens, caudoputamen, septal nucleus, cingulate cortex, amygdala, and hippocampus). We note that struc tures considered vulnerable in models of forebrain ischemia (Pulsinelli et al. , 1982b) belong to these groups. More variable CBF values (but still <40% of control in five of six animals) were recorded in globus pallidus, thalamus, hypothalamus, hebenula, the geniculate bodies, and superior colliculus. The highest flow rates were obtained in the cerebellum, red nucleus, substantia nigra, and inferior col liculus. Clearly, this interstructural variation in flow rates must reflect variable continued blood supply by the vertebral arterial system and collaterals.
Local CBF after 5 min of recirculation. As Table  2 shows, very high CBF values were recorded in the "immediate" recirculation period. In order to illus trate inter-animal variations, mean and individual values in Fig. 5 have been given in percent of con trol. The illustration of average values for all struc tures in any given animal seems justified in view of the fact that intrastructural variations were small or absent. However, the values reported underesti mate flow rates in some structures, since in these the ICBF values exceeded the respective "break points" (see Methods). The number of animals in which this occurred is given in the figure. The re sults demonstrate that hyperemia was present in all structures after 5 min of recirculation, and that perfusion defects were not observed. However, the relative increase in flow varied between structures. The lowest values (mean CBF, <200% of control) were observed in frontal and auditory cortex, red nucleus, and cerebellum. In the last two structures, lCBP was only moderately reduced during isch emia, but, in the first two, this cannot have contrib uted to the fact that such moderate hyperemia oc curred. Marked increases (> 350% of control) were observed in septal nucleus, globus pallidus, thalamus, substantia nigra, superior colliculus, and hippocampus. In the remaining structures, flow rates were intermediate. In some of these, though, the actual flow rates must have been higher than indicated (see Fig. 5 for number of underestimated values). It is of interest to compare the initial hyperemia following complete ischemia to that observed pres ently in those 10 structures where blood flow rates were consistently <5% of control during ischemia (Fig. 6) . One finds higher blood flow rates following incomplete ischemia in all these structures. How ever, the CBF values in Fig. 6 are influenced by the fact that many structures had no-reflow areas fol lowing complete ischemia (see K�gstrom et aI., 1983) . Thus, in perfused parts, blood flow rates were closer to those measured following incomplete ischemia.
J Cereb Blood Flow Metahol, Vol. 3, No.2, 1983 Local CBF following 60 min of recirculation. The pronounced interstructural variation in CBF after 60 min of recovery (Table 2) is evident from the results given in Fig. 7 , which also shows a compari son between fed and fasted animals. In fed animals, a number of structures had mean flow rates below one-third of control. These included all cerebral cortical areas, caudoputamen, nucleus accumbens, thalamus, the geniculate bodies, and the hippocam pus. The reductions in frontal, auditory, sen sorimotor, and parietal cortex were very marked (13, 16, 20, and 20% of control, respectively) . How ever, these are structures in which increases in CBF due to the anesthetic procedure are pronounced, and when the comparison is made to unanaes thetized animals, the percentage reduction is less marked (25-30% of control; compare Kilgstrom et aI. , 1983) . In a number of structures, flow rates exceeded 40% of control (globus pallidus, hypo thalamus, habenula, substantia nigra, inferior col liculus, and cerebellum). In at least three (globus pallidus, hypothalamus, and habenula), the high perfusion rates occurred in spite of the fact that ischemic flow rates were reduced to <20% of con trol (see above).
Significant differences between fed and fasted animals were observed in 10 of the 24 structures. However, since the mean CBF values were higher in fasted than in fed animals in all but two structures (where recovery flow rates were close to control), it seems that fasting did enhance recovery flow rates, the effect being most pronounced in structures where flow rates during ischemia were low.
The results in Fig. 7 suggest that the recovery lCBF value is directly related to the severity of the preceding ischemia. However, a comparison be tween recovery flow rates in animals exposed to complete and incomplete ischemia (Fig. 8) demon strates that such a relationship is only apparent. In all structures in which the high recovery flow rates seemed related to the moderate severity of the pre ceding ischemia, similar CBF values were observed after complete ischemia.
DISCUSSION
One of the main issues of the present study re lates to differences in results between complete and incomplete ischemia. Clearly, although the CBF technique used is well suited to providing answers to the main problems studied in the present context, it does not accurately resolve differences in CBF during severe ischemia, e. g. , when flow rates fall to < 10% of control. A further difficulty arises from the fact that CBF during 15 min of incomplete ischemia is estimated from a single value measured at the end of this period. In fact, many structures had such low calculated flow rates that it becomes a matter of speculation as to whether the ischemia was incom plete or complete. It is of some importance, there fore, that conclusions regarding CBF can be drawn from measurements of the amount of lactate ac cumulated.
With the present techniques for inducing and maintaining anaesthesia, tissue glycogen concen tration is approximately 2.5 /Lmol g-l, the lactate concentration approximately 1.5 /Lmol g-l, and the tissue-to-blood glucose concentration ratio close to 0.4. Since the animals exposed to complete isch emia had a blood glucose concentration of 13 /Lmol g-l, one would expect a tissue glucose concentra tion of 5 /Lmol g-l. Hence, complete interruption of cerebral circulation would be expected to give a final lactate concentration of 16-17 /Lmol g-l. Clearly, the value measured (15.5 /Lmol g-l) does not exceed that value, demonstrating that the isch emia must have been complete (Ljunggren et aI., 1974; K�gstrom et aI., 1983) . In the fed animals ex posed to incomplete ischemia, the blood glucose concentration measured (9 /Lmol g-l) would corre spond to a tissue glucose concentration of approxi mately 3.5 /Lmol g-l. In these animals, therefore, complete ischemia would be expected to give a final lactate concentration of about 14 /Lmol g-l. In starved animals, with a blood glucose concentration of 6.5/Lmol g-l (Fig. 2) , the corresponding value for lactate would be 11.5 /Lmol g-l.
From these calculations, we can deduce the fol lowing. First, since lactate concentrations in fed animals exposed to incomplete ischemia exceeded 15 /Lmol g-l in all rats but one, some flow must have remained in these animals. In four of six animals, lactate concentrations exceeded 20 /Lmol g-l, sug gesting that 3 -5 /Lmol g-l of glucose had been translocated from blood to tissue. If all glucose were extracted from blood, this would require flow rates of 1-2% of control. Since this probably can not be the case, one must assume an average flow rate of approximately 5% of control to account for (Table  O . Thus, only one lactate value was close to that expected in complete ischemia. In the remaining five, the lactate concentrations suggest that 1 -3 /Lmol g-l of glucose had entered the ischemic tissue. We conclude, therefore, that recorded flow rates of <5% of control correspond to a situation in which a trickle of blood flow persists, and that the low CBF values recorded in many structures represent rea sonable estimates of the true, average perfusion rates. With this information, we can proceed to a dis cussion of the questions posed in the introduction.
No-reflow phenomenon in complete versus incomplete ischemia
The present results have clearly documented that failure of reperfusion following restoration of perfu sion pressure does not occur in incomplete ischemia of 15 min duration, even if ischemic flow rates fall toward zero. As described in the accompanying ar ticle (Kagstrom et aI., 1983) , no-retlow areas tend to be localized to central, subcortical structures, espe cially to the caudoputamen. In the present study, during incomplete ischemia, CBF values in the caudoputamen were <2% of control in four of six animals; yet, all 5-min recovery values were markedly hyperemic. It seems likely, therefore, that the no-reflow phenomenon is confined to situations with complete cessation of blood flow through J Cereb Blood Flow Metabol. Vol. 3. No.2. 1983 capillary and precapillary vessels, possibly because blood during recirculation is "shunted" through vessels in which opening pressure is rapidly reached (Fischer and Ames, 1972) .
Influence of degree of ischemia on the magnitude of initial hyperemia and the severity of delayed hypoperfusion One of the objectives of the present study was to explore how initial and delayed reflow CBF values relate to the severity of the preceding ischemia. It must be expected that the appearance of an initial hyperemia requires that blood flow during the isch emia fall below a limiting value, but, without further information, it cannot be predicted that a relation ship exists between the severity of ischemia and the magnitude of postischemic hyperemia. Figure 5 shows that some structures with relatively well preserved flow during ischemia showed only mod erate hyperemia during recovery, suggesting that, in these, ischemic flow rates were close to the "limit ing" values. However, the results in Fig. 5 demon strate that no general relationship exists between the severity of ischemia and the magnitude of initial hyperemia. For example, two structures with rela tively well-preserved flow during ischemia (sub stantia nigra and inferior colliculus) had pronounced "reactive" hyperemia, whereas frontal, parietal, temporal, and auditory cortices had flow rates of < 250% of control during recovery, in spite of the excessive reduction in CBF during ischemia. We also recall that local differences in initial reflow also occur when the ischemic insult is uniform, i.e., in complete ischemia (K<1gstrom et aI., 1983) . The present results make it more likely that some relationship exists between the severity of ischemia and the degree of secondary hypoperfusion. Thus, in fed animals, all structures in which CBF fell to <5% of control during ischemia had recovery val ues <40% of control, whereas the eight structures that had recovery CBF values of 50% of control or higher were those that suffered only moderate isch emia. However, although these relationships are suggestive, it must be recalled that interstructural differences in 60-min recovery CBF values also exist in complete ischemia, which leads to a uniform ischemic insult (Fig. 8) . We must conclude, there fore, that the phenomenon of delayed hypoperfu sion is related both to the severity (and duration) of the preceding ischemia, and to undefined vascular or metabolic characteristics of different brain structures. It is now clearly documented that feeding, or glu cose infusion, adversely affects recovery following ischemia (Myers and Yamaguchi, 1977; Siemkowicz and Hansen, 1978; Myers, 1979; Ginsberg et aI., 1980; Welsh et aI., 1980; Rehncrona et aI., 1980 Rehncrona et aI., , 1981 Kalimo et aI., 1981) . Our own results show that differences in outcome are observed between fed and fasted rats (Kalimo et aI., 1981; Rehncrona et aI., 1981) , even if the ischemia is of only 15 min duration (K<1gstrom et aI., unpublished observa tions). The reports from one group indicate that the detrimental effect of hyperglycemia involves cir culatory failure (Ginsberg et aI., 1980; Welsh et aI., 1980) . However, in that study, blood glucose con centrations were very high, and the control group, in which glucose was not infused, had tissue lactate concentrations of close to 30 ]Lmol g-l.
In the present study, we chose to examine reflow in fed and fasted animals, making no attempts to raise tissue lactate levels to excessively high values.
In spite of this, the results indicate that fasting is associated with higher local CBF values in animals allowed 60 min of recirculation following 15 min of incomplete forebrain ischemia. Clearly, the results give no hints as to the underlying mechanism nor do they prove that a circulatory component is involved in the final damage incurred. However, since differ ences in flow occurred between groups in spite of a similar derangement of cerebral energy state, and since postischemic perfusion rates may well be critical for recovery events, further exploration of the problem seems justified.
